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a b s t r a c t 
A new high strength bonding method between Tungsten (W) and Oxide Dispersion Strengthening cop- 
per (ODS-Cu) using vanadium (V) and gold (Au) inserts was investigated and the resulting joints were 
characterized with SEM, micro-hardness and four point bending test. For the joints using thick Au in- 
serts (300 μm), a hardened reaction layer was observed in the V/Au interface region. On the other hand, 
the joints using thin Au inserts (0.7 μm) exhibited a serrated interface layer having homogeneous hard- 
ness proﬁles. In this case, the observed behavior is a reﬂection of degradation of melting point by inter- 
diffusion between Au and Cu. Room temperature bending test of the joints with and without 0.7 μm in- 
serts at interface between V and ODS-Cu exhibited yielding behavior with the strength of approximately 
300 MPa which is close to that of ODS-Cu. The joint with the thin Au insert had a serrated interface 
which implies appearance of liquid phase by reaction between Au and Cu. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Divertors with high heat removal capabilities and resistance to
evere heat and particle load are one of the key components of
usion reactors. One of the promising candidate material combi-
ations for constituting the divertors are tungsten (W) and cop-
er (Cu) alloys [1] . W is considered as a leading candidate for
he plasma facing material (PFM) or components (PFC) and was
elected for the divertor of ITER because of its highest melting
oint among the metal elements (3695 K), good thermal conduc-
ivity (167 W/m/K at 293 K), low sputtering yield, and low hydro-
en isotope retention and so on [2] . Cu alloy have higher ther-
al conductivity compared with the other metallic materials. Ef-
orts have been made to joint copper alloy (Cu–Cr–Zr) pipes with
 blocks by conventional brazing in the ITER project [3] . On the
ther hand, oxide dispersion-strengthened copper alloys (ODS-Cu)
uch as GlidCop ® have superior mechanical properties at high tem-
eratures to those of Cu–Cr–Zr, and thus can be an advanced can-
idate for the divertor components [4] . Therefore, establishment of
he bonding process between W and ODS-Cu is considered to be a
ecessary technology for the advancement of divertor systems. 
The diﬃculty in bonding W and Cu materials is originated from
uite low mutual solubility, large difference in the melting points∗ Corresponding author. Fax: + 81 572 58 2254. 
E-mail address: noto.hiroyuki@nifs.ac.jp (H. Noto). 
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Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.013  mp = 2337 K), and very different coeﬃcient of thermal expan-
ion ( CTE = 12 ×10 −6 / K). Thus, insert materials between W and
DS-Cu is expected to be effective to the bonding. As the insert
aterials, commercial brazing inserts have been investigated for
pplication to the advanced divertors [5] . However brazing materi-
ls include high activation elements, in most cases, have low melt-
ng points and may have low bonding strength. 
In this study, vanadium (V) and gold (Au) are selected as in-
ert materials between W and ODS-Cu. These layers have advan-
ages for the W/ODS-Cu bonding such as high solubility of the ad-
acent materials, plasticity and low activation. V has an interme-
iate CTE between W and Cu, which means elastic relaxation of
hermal stress in the joints. These metals are expected to be used
s new bonding materials based on diffusion reaction. Because the
onding materials have very different melting points, the bonding
hould be carried out by two steps. In this study, liquid-solid re-
ction bonding with inter-diffusion between Au and Cu was pro-
osed, and referred as the Transient Liquid Phase (TLP) bonding
6] as illustrated in Fig. 1 . The bonding method can create locally
he melting zone of the interface only during the bonding process,
nd thus the inﬂuence on the parent metals is limited. After the
onding, the melting point of the interface is higher than that of
onventional brazing materials. This method was reported as bond-
ng technique for Oxide Dispersion Strengthening (ODS) steel [7] . 
It is known that the properties of TLP bonding are highly de-
endent on the thickness of the insert materials [8] . Thus, initial
hickness of insert materials is considered to be a key parameter. Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Illustration of liquid–solid reaction bonding by inter-diffusion between Au and Cu. The open circles represent the change of composition and melting point at the 
position indicated by arrows. 
Table 1 
The shape and thickness or diameter of the materials used in this study. 
Material (supplier) Shape Thickness or diameter (mm) Composition (wt%) 
GlidCop ® AL-15 (SCM Metal Products Inc.) Rod  = 20.0 Cu–0 .3Al 2 O 3 
S-TUN (NIPPON Tungsten) Rectangular block 25 .0 Pure tungsten 
Au (The Nilaco Co.) Foil 0 .3 Pure gold 
PVD-Au (Sanyu Electron Co., Ltd.) Pure gold 
Fig. 2. Miniature four-point bending test ﬁxture (mm). 
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pThe objective of this study is to investigate the effect of thick-
ness of Au layer between V and Cu on the interface structure and
mechanical properties of the joints. 
2. Experimental procedures 
2.1. Parent material and insert materials 
The compositions of W, ODS-Cu and Au inserts used in this
study are listed in Table 1 . The pure W, which was named as S-
UN, was fabricated by HIP (Hot Isostatic Pressing) process [9] , and
exhibited an equiaxed-grain structure. In the previous research, we
compared the bonding fracture strength of several joints produced
using commercially available different W plates having deferent
grain structures, and found that S-TUN had the highest fracturePlease cite this article as: H. Noto et al., Development of high strength
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.013 trength [10] . A rod GlidCop ® (AL-15:Cu-0.3 wt%Al 2 O 3 ), having su-
erior resistance of irradiation and high temperature strength, was
abricated by atomization, inner oxidation method, and hot extru-
ion [11] . 
The pure V inserts between W and C are 1.5 mm thick sheets.
he following three cases of the inserts were compared. 
1. Without Au insert. 
2. With physical vapor deposition (PVD)-Au insert (0.7 μm). 
3. With Au foil (300 μm). 
W and ODS-Cu materials were cut into rectangle sample of
0 mm × 20 mm × 10 mm as illustrated in Fig. 2 . The surfaces were
echanically polished with abrasive paper of #50 0– #40 0 0 buff-
olishing with diamond paste with particle size of 1.0 μm.  W/V/Au/ODS-Cu joint using HIP process, Nuclear Materials and 
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ARTICLE IN PRESS 
JID: NME [m5G; June 21, 2016;11:0 ] 
Fig. 3. Illustration of a set of joining materials including inserts for the joint (mm). 
Fig. 4. Cross sectional SEM image of interface of W/V in the joint, with line com- 
position analysis by Energy Dispersive X-ray Spectrometer (EDS). 
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Fig. 5. Cross sectional SEM image of interface of V and Au foil (300 μm) with the 
hardness proﬁle measured by nano-indentation method. 
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a  .2. Diffusion bonding with two steps 
As the ﬁrst step, bonding of W and V was carried out by solid-
hase diffusion reaction with a one axis hot press at 1250 ˚C,
0 MPa for 1 h in a vacuum of 8.0 ×10 −4 Pa in Kyoto University.
he second step was the W (V)/Au/ODS-Cu bonding using the Hot
sostatic Press (HIP) installed at National Institute for Fusion Sci-
nce (NIFS) at 950 ˚C for 1 h in argon atmosphere of 150 MPa. The
onding strength of the joints were evaluated by four-point bend-
ng tests at room temperature with 8.0 mm in upper span at a
isplacement rate of 1 ×10 −3 mm/s as shown in Fig. 3 . The mi-
rostructures were investigated with X-ray diffraction (XRD) and
ield Emission Scanning Electron Microscope (FE-SEM) with Energy
ispersive X-ray Spectroscopy (EDS) in NIFS. The hardness distribu-
ion of cross section of joints was measured by continuous stiffness
easurement (CSM) using Nano Indenter G200 in Kyoto University
12] . 
. Results and discussion 
Fig. 4 shows microstructure of the interface between W and V
fter the solid–solution bonding including line composition analy-
is by EDS. In the SEM image, smooth interfaces without any re-
ction layer or large defect are observed. The EDS analysis exhibits
bsence of inter-metallic compound. W and V are known to form
ll proportional solid solution. 
Fig. 5 shows cross sectional SEM image of interface of V and Au
oil (300 μm) including the hardness proﬁle measured by nano-
ndentation method. In this case, a reaction layer approximately
0 μm thick was observed in the interface of V/Au. The hardness
roﬁle has a peak of 18 GPa at the reaction layer, which is much
igher than those of the parent metals of V (average 3.8 GPa) and
u (average 3.3 GPa), indicating that an inter-metallic compound
ayer was formed. According to V-Au system equilibrium phase di-
gram shown in Fig. 6 , one may expect that V Au intermetallic3 
Please cite this article as: H. Noto et al., Development of high strength
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.013 ompounds was formed at the bonding temperature (950 ˚C), and
Au 2 or VAu 4 was formed during cooling process. In this case, the
oints did not reach compositional homogenization, but the hard-
ned layer was formed by solid state diffusion remained in V/Au
nterface. 
Fig. 7 (a) shows SEM image and hardness proﬁle in the cross
ection area of V/AL-15 joint without Au insert. In this case, hard-
ned region was not observed. This is attributed to the fact that
–Cu system has no inter-metallic phase. Fig. 7 (b) shows almost
traight interface between V/ AL-15 which shows that the joint was
ade by inter-diffusion bonding. 
Fig. 8 (a) shows SEM image of the cross section of V/ AL-15
oint with PVD-Au (0.7 μm) and the hardness proﬁle measured by
ano-indentation method. The inter-diffusion layer was not ob-
erved in interface of V/ AL-15. The hardness proﬁle means that
he diffusion of Au in parent metals did not induce hardening. In
ddition, residual Au was not observed by the composition analy-
is. It is considered that these joints reached homogenization with-
ut localization of Au elements. Thus the joints with PVD-Au have
 beneﬁt to suppress the formation of brittle region. A serrated
nterface indicating solid-liquid reaction was formed as shown in
ig. 8 (b). However, in view of V–Cu system diagram at the bonding
emperature of 950 ˚C, simple V–Cu inter-diffusion should not gen-
rate liquid phase. Thus according to the scheme shown in Fig. 1 , it
s expected that liquid phase reaction of PVD-Au and Cu took place
t the interface. Such a serrated interface may have an anchor ef-
ect enhancing the bonding strength [13] . Thus, in case of joints
sing PVD-Au, the jointing is considered to have two strengthen-
ng mechanism of the inter-diffusion and the anchor effect. 
Fig. 9 shows bending strength at room temperature for the two
nterfaces (V/Cu and W/V) with and without a PVD-Au. The frac-
ure and yield strength is derived as maximum ﬁber stress (MPa),
hich is calculated by the following equation: 
= 3 P L/ 2 B t 2 
Here, P is the applied load (N), L is the span (mm) between
he lower and the upper rod, B and t are the specimen width
nd thickness, respectively. Bending test of V/Cu interface exhibited
ielding for the both joints with and without PVD-Au. Averaging
he 5 data showed that the yield strength of the joint with and
ithout Au was 333 MPa, 308 MPa, respectively. There are close
o the tensile yield strength of GlidCop ® (AL-15:269-317 MPa [11] )
t room temperature. On the other hand, the fracture occurred W/V/Au/ODS-Cu joint using HIP process, Nuclear Materials and 
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Fig. 6. V–Au system equilibrium phase diagram. 
Fig. 7. (a) Cross sectional SEM image of interface of V/AL-15 joint without PVD-Au with hardness proﬁle measured by nano-indentation method and (b) Enlarged image of 
the interface. 
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 not at the interface but in W during the bending test between
W and V. In the previous study, the fracture strength of S-TUN
after annealing was 600 MPa [14] . The fracture strength of the
joints were 122–280 MPa. This implies that strength of W parent
metal degraded during the joining processes. The previous study
showed that residual thermal stress caused by bonding can de-
grade strength of W parent metals [10] . 
4. Conclusions 
For the bonding of W and Cu alloys, V can be a suitable in-
terlayer material because of its intermediate property of melting
point and CTE (Coeﬃcient of Thermal Expansion) relative to W and
Cu alloys. In this case, bonding of W and V is possible by uni-axial
hot pressing. On the other hand, adhesive bonding of W(V) and
Cu is an issue because of the limitation of the pressing tempera-
ture owing to the low melting point of Cu alloys. In this study, wePlease cite this article as: H. Noto et al., Development of high strength
Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.013 roposed a new diffusion bonding of W/V and Cu alloy (AL-15)
ith PVD-Au inserts. The main results are as follows: 
(1) The W(V)/AL-15 joints with Au foil (300 μm) did not reach
compositional homogenization. A hardened region induced
by solid state diffusion remained in V/Au interface. 
(2) The W(V)/AL-15 joints without Au did not include a hard-
ened region but had an almost straight interface between V/
AL-15. 
(3) The W(V)/AL-15 joints with thin Au inserts (0.7 μm) fabri-
cated by physical vapor deposition did not form hardened
region. In addition, residual of Au was not observed by com-
position analysis. It is considered that these joints reached
homogenization without localization of Au elements. In ad-
dition, the interface of the V/Cu joints were serrated, which
is considered to be attributed to liquid solid reactions be-
tween Cu and Au.  W/V/Au/ODS-Cu joint using HIP process, Nuclear Materials and 
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Fig. 8. (a) Cross sectional SEM image of interface of V/AL-15 joint with PVD-Au (0.7 μm) with hardness proﬁle measured by nano-indentation method and (b) Enlarged 
image of the interface. 
Fig. 9. Bending strength measured at room temperature for the two interfaces 
(V/Cu and W/V) with and without a PVD-Au. The results are shown as the aver- 
age of 5 specimens. 
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Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.05.013 (4) In the bending tests, V/Cu interface both with and without
PVD-Au exhibited yielding behavior. The strength reached
the yield strength close to those of the parent metals. How-
ever, V/Cu joints with PVD-Au exhibited higher strength
than those without PVD-Au inserts. 
(5) In the bending tests of W/V, fracture point was within the
W bulk area. The degradation of W strength is considered to
be due to residual thermal stress in W caused by the joining.
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